Different parts of the mouth vary in their taste responsiveness and gustatory transduction components. However, there have been few attempts to consider regional variation among areas innervated by a single nerve branch or containing only one type of gustatory papilla. Here, we examined whether taste-elicited responses of a single nerve, the chorda tympani (CT), depend on where taste solutions are delivered on the tongue in mice. In experiment 1, multiunit CT responses to NaCl and sucrose were larger if sapid taste solutions were applied to the tongue tip, which contains the anterior-most fungiform papillae, than if they were flowed over fungiform and foliate papillae on the posterior tongue. Further, the epithelial sodium channel (ENaC) blocker amiloride suppressed NaCl responses to a greater degree for the tongue tip. In experiment 2, CT nerve responses were compared between the tongue tip and a region further back that contained only fungiform papillae. NaCl and sucrose solutions applied to posterior fungiform papillae produced smaller responses than did those elicited by the same taste stimuli applied to anterior fungiform papillae on the tongue tip. Amiloride suppressed the response to NaCl delivered to the anterior fungiform but not posterior fungiform papillae. These results indicate that the CT response is tongue-region dependent in the mouse. Furthermore, the spatial location of a fungiform papilla provides important information about its properties, such as whether sodium taste transduction is mediated by amiloride-sensitive ENaCs.
Introduction
Taste buds are found on the tongue and other parts of the mouth, such as the palate. Gustatory properties are not uniform across all oral regions, and there are multiple ways in which this variation can be considered, especially for the tongue. Recently, lingual taste function has most commonly been described in terms of the 3 types of gustatory papillae: fungiform papillae on the anterior tongue, and foliate and circumvallate papillae on the posterior tongue ( Figure 1 ; Oakley and Witt 2004; Mistretta and Liu 2006) . The fungiform differ from the other 2 kinds on features such as shape, number of taste buds, and expression of taste-related proteins (Kretz et al. 1999; Kim et al. 2003; Jung et al. 2004; Tizzano et al. 2008; Voigt et al. 2012) .
The tongue can also be divided based on peripheral nerve innervation, with the chorda tympani (CT) branch of the facial nerve contacting the anterior portion and the glossopharyngeal nerve (GL) the posterior ( Figure 1 ; Hill 2004; Krimm 2007) . The 2 branches differ on properties such as: sensitivity to basic taste qualities (Shingai and Beidler 1985; Danilova and Hellekant 2003) ; suppression of NaCl responses by the epithelial sodium channel (ENaC) blocker amiloride (Formaker and Hill 1991; Ninomiya et al. 1991) ; suppression of sweetener responses by gurmarin (Ninomiya et al. 1997) ; and synergistic enhancement of response sizes when umami compounds are combined (Ninomiya et al. 1991; Narukawa et al. 2011) .
Alternatively, lingual taste function can be described primarily in spatial terms. Indeed, this kind of topographic approach dominated early gustatory studies (Shore 1892; Hanig 1901; Collings 1974) . For the most part, though, such detailed spatial considerations have been abandoned. One likely reason is that lingual maps of taste sensitivity are prone to misinterpretation, because they may give the impression that a certain taste quality is perceived "only" by stimulating a certain circumscribed area. In fact, individual taste buds, regardless of their location, are sensitive to all basic taste qualities (Smith and Margolskee 2001) .
Thus, there are multiple schema for describing how taste properties of the tongue are organized, with partial overlap between them. For example, papilla types differ in their spatial locations and peripheral nerve innervation (Figure 1 , though note that foliate papillae are innervated by both the CT and GL in rats and mice ; Whiteside 1927; Yamamoto and Kawamura 1975; Yamamoto et al. 2011) . The current dominance of the papilla-based organization, though, has obscured the potential value of considering lingual taste function in spatial terms. For example, the fact that all regions respond to all basic tastes does not mean that their sensitivity is uniform. In addition, 2 parts of the tongue may both respond to a particular stimulus, but differ in the full transduction cascade that mediates the response; such regional variation has been found when comparing taste buds from 1 lingual papilla type with those from the palate (Kim et al. 2003; Miura et al. 2007; Tizzano et al. 2008; Tomonari et al. 2012) . Furthermore, there is evidence of spatial variation when considering only a single papilla type: fungiform papillae on the tongue tip differ from those found further posterior in their density, taste bud size, and expression levels of α-gustducin (Miller and Preslar 1975; Guagliardo and Hill 2007; Zhang et al. 2008; Chen et al. 2013) .
We sought to clarify the role of region in influencing lingual taste properties, such as responsiveness to basic taste qualities and amiloride sensitivity, by considering it independently of nerve innervation or papilla type. We did so by measuring multiunit CT responses in mice as taste solutions were flowed over restricted tongue regions. In an initial experiment, we measured taste responses as solutions were flowed selectively over the tip of the tongue, which contains a high density of small-diameter fungiform papillae (Figure 1 ), or over the posterior tongue. We included mice from 2 strains, the C57BL6/J (B6) and A/J. The choice of the former strain was obvious given their widespread use (e.g., in the first mapping of the mouse genome; Mouse Genome Sequencing Consortium et al. 2002) , and we also included the A/J mice as an additional amiloridesensitive strain (Cherukuri et al. 2013) . We found differences in CT responses between the anterior fungiform region and the posterior tongue. One possible explanation is that the latter responses were dominated by contributions from anterior foliate papillae, rather than the large-diameter, sparse fungiform papillae found most posteriorly (Figure 1) . We therefore conducted a second study in which we included only the B6 strain, due to their more common general use. In this experiment, we compared CT responses between the anterior and posterior fungiform papillae, so that we could determine whether there is spatial variation when considering only a single papilla type, and we found different results for the 2 regions.
Materials and methods

Subjects
Adult male mice were used in all experiments. Their ages ranged from 3 to 11 months and their weights ranged from 24 to 42 g at the time of neural recording. In experiment 1 measurements of CT activity were made in 6 C57BL6/J (B6) and 6 A/J mice that were purchased from the Jackson Laboratory. In experiment 2, subjects were 12 B6 mice that were bred in-house. Procedures were approved by the Animal Care and Use Committee of Ball State University. All animals were kept at 23-26 °C with a 12:12 h light:dark cycle (lights off at 7 PM), and they were maintained on standard chow (Harlan Teklad 8604) and deionized water ad libitum.
Surgery
Each animal was anesthetized with a mixture of ketamine, xylazine, and acepromazine (90, 20, and 3 mg/kg, respectively; i.p.) , with further doses as necessary (typically about 0.7, 0.16, and 0.02 mg more each hour). A tracheotomy was performed to prevent suffocation. In experiment 1, an esophageal fistula was inserted to prevent ingestion of taste solutions; this step was omitted in experiment 2 because solution flow never reached the esophagus. The animal was placed supine with the head secured in a nontraumatic head holder, and the nerve was accessed through the right ear by puncturing the tympanic membrane and exposing the right CT nerve adjacent to the malleus (Cheal 1977) . In each animal, an electrode made of platinum/iridium wire was placed on the nerve, and the multiunit signal was amplified, filtered, rectified, and integrated with a time constant of 1.0 s.
Solution delivery
Solutions were applied using standard gravity-induced flow, but they were restricted to certain tongue regions by physical barriers. In experiment 1, our goal was for stimuli to contact either an "anterior fungiform" region on the tip of the tongue, or a "posterior tongue" region further back, which included the posterior fungiform papillae and anterior foliate papillae; in the latter condition, solutions also reached other parts of the mouth that are not innervated by the CT Figure 1 . Gustatory papilla types (labels on left) and peripheral nerve innervation (labels on right) of the rodent tongue. Note that CT innervates the anterior foliate papillae, as well as all of the fungiform papillae. X-filled squares represent the lower molars.
nerve, such as the posterior foliate papillae, circumvallate papilla, and palate.
The 2 regions were separated from each other by gently aspirating the tongue into a plastic tube and then sliding a silicone rubber o-ring (ID = 2.4 mm, OD = 5.6 mm, thickness = 2 mm) off of the tube and onto the tongue. Our first priority was to ensure that the o-ring was sealed tightly around the tongue, and mouse tongues can vary widely in their size and shape. We therefore did not attempt to place the o-ring at a precise distance from the tongue tip in every mouse. Instead, we pulled it toward the tongue tip until we encountered resistance, which ensured a tight seal regardless of a particular tongue's diameter and shape. A piece of heat-shrink tubing was then shrunk around the ring in order to compress it slightly and make a chamber containing the tongue tip; the chamber was extended in order to stretch the tongue slightly, which is thought to open the foliate trenches (Geran and Travers 2006) . One stimulus tube was placed inside this chamber to flow solutions over the anterior fungiform region, and the other was inserted behind it and in the center of the mouth to flow solutions over the posterior tongue region. Stimulus tubes were fixed in place to prevent movement throughout the course of an experiment.
Following a successful recording of neural activity, green and blue colored dyes (Durkee's food coloring) were flowed to visualize the areas contacted by solutions ( Figure 2A ). In all cases the dye flowed on one side of the o-ring did not leak through to the other side. After the animal was euthanized we removed the entire tongue, took off the o-ring, and measured the extent of each dye color relative to the tongue tip to the nearest 0.5 mm. In the B6 mice the anterior fungiform region extended a mean of 3.6 mm from the tongue tip, and in A/J mice this distance was 3.2 mm. The posterior tongue region started a mean of 4.7 and 4.5 mm from the tongue tip in the B6 and A/J strains, respectively. In some cases, 1 color of dye spread underneath where the o-ring had been placed, but there was still a clear separation between the 2 colors, indicating a lack of overlap between the regions that were stimulated. The dye that was flowed over the posterior side stained the foliate papillae in all mice.
In experiment 2, we used separate groups of B6 mice, each of which received solutions on either an anterior fungiform area or a posterior fungiform region that did not extend as far back as the foliate papillae. We used a between-subjects design because the procedure for stimulating the posterior fungiform area was more involved than that for the other regions (see next paragraph), and so we needed a simpler procedure in which we could focus on the neural responses and solution flow of only one region per mouse. The procedure for limiting application to the anterior fungiform region was identical to that used in experiment 1.
The posterior fungiform region was isolated by first placing a silicone rubber sleeve around the tongue, covering approximately from the anterior edge of the median eminence to 3 mm further posterior. This sleeve alone did not result in a tight seal due to several factors (e.g., the attachment of the ventral tongue to the floor of the mouth, the slight elevation of the median eminence). We therefore injected some tasteless lubricant gel (Lubri-film, Haynes Manufacturing Company) between the sleeve and tongue to prevent solution from leaking under the sleeve (we confirmed in pilot work that the gel itself does not evoke a CT response). We then added fast-setting glue between the top of the sleeve and the roof of the mouth, in order to prevent solution flowing over the rubber sleeve; this glue did not contact any areas innervated by the CT nerve. These measures helped to prevent solutions flowing from the middle of the tongue, where they were delivered, to posterior areas such as the foliate papillae. Solutions were prevented from flowing to the anterior tip of the tongue by a rubber o-ring (ID = 2 mm, OD = 4 mm, thickness = 2 mm) that was placed several millimeters from the tongue tip and was compressed by placing a small rubber band around it. We also limited flow by placing 3 aspiration lines on the edges of the region we targeted; these lines, along with the solution delivery tube, were secured in place throughout the experiment.
Blue dye was flowed at the end of a successful recording and the stained region measured relative to the tongue tip to the nearest 0.5 mm ( Figure 2B ,C). We discarded data from one mouse in the posterior fungiform group because dye flowed back to the foliates, and from one mouse in the anterior fungiform group because dye leaked A tongue from a mouse in experiment 2 that received taste solutions on the posterior fungiform region, the extent of which is shown by the blue dye. Solution flow spread posteriorly to the median eminence, but did not reach the foliate papillae. The former location of the o-ring is pale and the tongue tip dark pink, suggesting that the ring may have constricted the tongue and cut off circulation distally. However, taste stimuli were not applied to the tongue tip in this animal.
posterior to the o-ring. Altogether, data were kept from 5 mice for each region. In the anterior fungiform group dye spread to a mean of 3.9 mm from the tongue tip. Among the posterior fungiform mice, dye staining started at a mean of 4.1 mm from the tongue tip and reached a mean of 4.4 mm further posterior.
Taste solutions
In experiment 1, the following stimuli were given: NaCl at 1, 3.2, 10, 32, and 100 mM, each mixed in either water or 100 µM amiloride; 500 mM sucrose; 10 mM HCl; and 20 mM quinine hydrochloride. In each mouse the solutions were applied to both the anterior fungiform and posterior tongue regions; within each mouse strain half of the animals received them on the anterior side first, and the other half received them on the posterior first. In experiment 2, we limited NaCl to 100 mM, because that concentration yielded the largest regional differences in experiment 1, and it is the most commonly used prototype for salty taste in rodents. The full stimulus array for experiment 2 was: 100 mM NaCl mixed in water, 100 mM NaCl mixed in 100 μM amiloride, 500 mM sucrose, 10 mM HCl, and 20 mM quinine. Stimuli were applied to 1 of the 2 regions (anterior fungiform or posterior fungiform) in each mouse.
All stimuli were dissolved in distilled water. NH 4 Cl at 100 mM was applied regularly to serve as a reference stimulus. When possible, stimuli were applied to a region more than once in a mouse. We calculated the Pearson product moment correlation between the response sizes of the first and second applications for all 130 instances in which a stimulus was reapplied. The result was r = +0.89, indicating that our preparations were highly stable.
Deionized water was used as a rinse and stimulus solutions were applied by continuous flow with a rate of 0.3 mL/s. Rinse and stimulus were separated by a small air bubble that allowed for a sharp response onset, but minimized interruption to the flow. In prior experiments, this method has resulted in no responses to water or weak concentrations of taste stimuli (Cherukuri et al. 2011; Tordoff et al. 2014) , and thus responses to higher concentrations can be taken as purely gustatory in nature, without a tactile component. The rinse and all stimulus solutions were presented at room temperature. Each stimulus presentation lasted for 20 s and was followed by at least 60 s of rinse. Concentration series of NaCl were applied in ascending order, but otherwise the order of stimulus presentation was random.
Analysis
Response sizes for stimulus applications were based on the areaunder-the-curve of the integrated voltage for 10 s after stimulus onset (evoked) minus the area for 10 s before onset (baseline). Relative response sizes were calculated for each application based on the size of the NH 4 Cl reference. If a stimulus was presented more than once for a region, then relative response size across all presentations were averaged to obtain a single value. We also conducted similar sets of analyses, but with responses based on the peak elevation above baseline within the first 3 s (i.e., the phasic response) or the elevation at 10 s (i.e., the tonic response). This was done to address the time course of responses in more detail, as this factor has sometimes been important in prior work (Cherukuri et al. 2011 ). However, these analyses did not indicate a dominant role for either the phasic or tonic response portions, and results were similar to those for 10-s area-under-the-curve, so the results of only the latter are presented.
In experiment 2, we calculated the percent suppression of the NaCl response by amiloride, which was defined as: 100 × [(response size in water − response size in amiloride)/response size in water].
We did not use this approach in experiment 1, due to the inclusion of low NaCl concentrations that evoked small neural responses, which can result in extreme values when calculating percent suppression scores. Instead, in experiment 1, we quantified the effects of amiloride on NaCl responses by subtracting the response size for NaCl + amiloride from the size for NaCl mixed in water; this yielded the "amiloride-sensitive portion" of the NaCl response. In both experiments, the response to NaCl mixed in amiloride was considered to be the "amiloride-insensitive portion" of the response.
In experiment 1, responses to NaCl within each mouse strain were analyzed using 3-way repeated-measures ANOVAs with region, concentration, and amiloride as factors. Post hoc t-tests were then used to determine concentrations that evoked different response sizes in the 2 regions or that showed significant effects of amiloride. The amiloride-sensitive response portions were analyzed within each strain using 2-way ANOVAs with region and concentration as factors, followed by post hoc t-tests to pinpoint which concentrations differed between regions. In experiment 2, responses to 100 mM NaCl were analyzed using a 2-way ANOVA with region and amiloride as factors, followed by post hoc t-tests to pinpoint effects. In both experiments, responses to the non-sodium stimuli were initially compared within a strain using a 2-way ANOVA with region and chemical as factors, followed by post hoc t-tests.
We also assessed whether tongue regions differed in overall response level. This was accomplished by comparing the raw response sizes to the NH 4 Cl reference, based on the area-under-thecurve for 10 s following stimulus onset minus the area for the 10-s baseline period. We followed the recommendation to leave the gain and other settings on our amplifier constant throughout an experiment (Frank and Blizard 1999) , in order to eliminate them as possible sources of variation in raw response size between animals. We compared these raw response sizes between regions using t-tests. We also calculated raw response sizes for all of the taste stimuli and made the same comparisons as described previously for relative responses (Supplementary Tables S1 and S2 ). For experiment 2, the instances of statistical significance were identical between the 2 ways of quantifying response sizes (raw and relative responses). For experiment 1, there were some differences between the 2 kinds of measures in the outcome of the statistics, but there were also enough similarities that they yielded similar conclusions (e.g., the anterior fungiform region is more amiloride-sensitive than is the posterior tongue). Statistical analyses were performed using the Systat software package. For all tests, P < 0.05 was considered to be significant.
Results
Experiment 1
The size of taste-evoked CT responses to NaCl depended on whether solutions were flowed over the anterior fungiform region or the posterior tongue in both B6 and A/J mice (Figure 3A ,D; main effect of region, F[1, 5] ≥ 7.2, P ≤ 0.04 in both cases; region × concentration interaction, F[4, 20] ≥ 11.9, P < 0.001 in both cases). Post hoc tests indicated that responses to 32 and 100 mM NaCl were significantly larger for the anterior fungiform than posterior tongue in both strains (P ≤ 0.006 in all cases). B6 mice showed no difference between the 2 tongue regions in responses to NaCl mixed in amiloride (i.e., the amiloride-insensitive response portion; Figure 3B ), but in A/J mice responses to 32 and 100 mM NaCl mixed in amiloride were significantly larger for the anterior fungiform compared with the posterior tongue ( Figure 3E ; P < 0.02 in both cases).
Both strains showed significant suppression of NaCl responses by amiloride, with the amount of suppression differing between the anterior fungiform region and the posterior tongue ( Figures 3C,F and 4 ; main effect of amiloride, F[1, 5] ≥ 13.8, P ≤ 0.01 in both cases; region × amiloride interaction, F[1, 5] ≥ 9.8, P ≤ 0.03 in both cases; amiloride × concentration interaction, F[4, 20] ≥ 12.1, P < 0.001 in both cases; region × amiloride × concentration interaction, F[4, 20] ≥ 4.2, P ≤ 0.01 in both cases). The size of the amiloride-sensitive component for responses to 32 and 100 mM NaCl was significantly larger for the anterior fungiform versus posterior tongue in both strains (P < 0.02 in post hoc tests). In B6 mice this regional difference reflected the fact that amiloride significantly suppressed responses to 32 and 100 mM NaCl on anterior fungiform papillae (P ≤ 0.004 in both post hoc tests), but had no effect on the posterior tongue responses. In 129 mice, though, there was a small but significant suppression of 32 and 100 mM NaCl responses by amiloride for the posterior tongue (P ≤ 0.007 in both post hoc tests), as well as a greater degree of suppression for the anterior fungiform region (P ≤ 0.002 in both post hoc tests).
B6 mice showed a difference between the anterior fungiform region and the posterior tongue in response sizes to some of the nonsodium compounds (region × chemical interaction, F[2, 10] = 16.3, P = 0.001). In particular, responses to sucrose were significantly larger and responses to HCl were significantly smaller for the anterior fungiform versus posterior tongue ( Figure 5 ; P < 0.05 in both post hoc tests). A/J mice also showed regional differences in responding (main effect of region, F[1, 5] = 7.6, P = 0.04; region × chemical interaction, F[2, 10] = 5.8, P = 0.02), due to significantly larger responses to sucrose and smaller responses to quinine for the anterior fungiform region relative to the posterior tongue ( Figure 5 ; P < 0.05 in both post hoc tests). Within each strain, there was no difference between regions in the mean raw response size evoked by the NH 4 Cl reference stimulus.
Experiment 2
Responses to 100 mM NaCl in water were significantly larger when it was flowed over the anterior fungiform region than the posterior fungiform region ( Figure 6A ; region × amiloride interaction, F[1, 8] = 18.7, P = 0.003, P < 0.05 in post hoc test). These regions also differed in amiloride sensitivity, with NaCl responses significantly suppressed by 100 µM amiloride only in mice that received solutions on the anterior fungiform papillae (t[4] = 5.9, P = 0.004). Consistent with this, the percent suppression by amiloride was Responses to NaCl mixed in 100 µM amiloride (i.e., the amiloride-insensitive response components). (C, F) The amiloride-sensitive response components, which equaled the response to NaCl in water minus the response to NaCl + amiloride. *P < 0.05, anterior fungiform versus posterior tongue. + P < 0.05, NaCl in water versus NaCl + amiloride for the anterior fungiform condition. ++ NaCl in water versus NaCl + amiloride for the posterior tongue condition.
significantly larger for the anterior fungiform group than the posterior fungiform group (Figure 6B, C; t[8] = 4.8, P = 0.001). The large suppression of anterior fungiform responses by amiloride resulted in a mean response size for NaCl + amiloride that was similar to that found for the posterior fungiform region. That is, the amilorideinsensitive response portion did not differ between the 2 regions.
There were also regional differences in CT responses to sucrose, with significantly larger response sizes when flowed over the anterior fungiform papillae than the posterior fungiform papillae (Figure 7 ; region × chemical interaction, F[2, 16] = 8.4, P = 0.003; P = 0.02 in post hoc test). Responses to HCl and quinine were similar for the 2 regions. There was no difference between the anterior and posterior fungiform papillae on the mean area-under-the-curve evoked by the 100 mM NH 4 Cl reference stimulus.
We also compared results between experiments 1 and 2. There were no significant differences in response sizes between the 2 anterior fungiform conditions, which are to be expected because an identical method was used to restrict flow to the tongue tip, and solutions reached a similar distance from the tip in experiments 1 and 2 (see Materials and methods). Relative response sizes for the posterior tongue region in experiment 1 and the posterior fungiform region in experiment 2 were also similar to each other (P > 0.05 in all tests). Both regions included large-diameter fungiform papillae found on the middle of the tongue, but the most posterior part of the tongue and foliate papillae were part of only the posterior tongue region.
Discussion
Regional variation in taste-evoked CT responses
We found that mouse CT responses depended on which part of the tongue was stimulated with taste solutions. In B6 mice, responses to NaCl and sucrose were larger for the tongue tip than for more posterior tongue regions, and the tip was the only region for which NaCl responses were suppressed by amiloride. This suggests that sodium transduction is mediated by passage through amiloridesensitive ENaCs only in the most anterior fungiform papillae. The more posterior parts of the tongue innervated by the CT retain the ability to respond to NaCl in B6 mice, but they must do so through other mechanisms, such as a variant of the VR-1 channel (Lyall et al. 2004) . Another possible mechanism is the alpha subunit of ENaC acting alone, without its usual beta and gamma subunits. Vallate papillae in rats express only alpha ENaC, and in vitro work has shown that alpha alone can form a functional channel, but with a smaller selectivity and less amiloride-sensitivity than when the 3 ENaC subunits are coexpressed (Kretz et al. 1999; Alvarez de la Rosa et al. 2000) . Fungiform papillae in rats, in contrast, have been shown to coexpress the alpha, beta, and gamma subunits of ENaC (Kretz et al. 1999 ). This study did not attempt to distinguish fungiform papillae found at different distances from the tongue tip, but our results suggest that such coexpression should occur primarily in the most anterior fungiform papillae, and not in those found more posteriorly.
We conducted experiment 1 as an initial investigation into whether taste responses are uniform across the most anterior and posterior regions innervated by the CT. Experiment 2 was then conducted using a smaller posterior region, so that only fungiform papillae were stimulated, and we still found regional variation. In fact, the properties of the posterior fungiform papillae (e.g., small responses to NaCl and sucrose, lack of amiloride sensitivity) were similar to those normally associated with foliate and circumvallate papillae innervated by the GL and found on the far posterior tongue. This suggests that lingual taste function is sometimes best organized in spatial terms, rather than by contrasting fungiform with foliate/ circumvallate papillae.
Taste-evoked response sizes and the effects of amiloride were similar for the posterior tongue region in experiment 1, which extended to the back of the mouth and included the foliate papillae, and the posterior fungiform region in experiment 2. Thus, it is unlikely that the former region was amiloride-insensitive merely because it was dominated by contributions from foliate papillae, and our findings are consistent with the anterior foliate and posterior fungiform papillae having similar properties. Nonetheless, additional work will be needed to characterize CT responses evoked by selective stimulation of foliate papillae in mice. It will also be useful to resolve the topography of fungiform papilla function with greater spatial resolution, which will require methods in which meaningful data can be obtained from small numbers of papillae, such as protein expression studies or patch-clamp recordings using disassociated taste buds. Our choice of B6 mice was obvious, given their widespread use. We also included the A/J strain in experiment 1, in order to look at the extent to which the B6 results generalized. In most respects, results for the 2 strains were similar, with the A/J mice also showing larger responses to NaCl and sucrose and greater amiloride sensitivity on the tongue tip than posterior tongue. There were nonetheless some strain differences, with only B6 mice showing a regional difference in the size of HCl responses, and only A/J mice showing one for responses to quinine. The A/J mice also differed from the B6 strain in showing an effect of region on the amiloride-insensitive portion of the NaCl response, and in there being a small but significant suppression of NaCl responses for the posterior tongue region.
Overall responsiveness of tongue regions Sweazey and Smith (1987) measured the activity of neurons in the hamster nucleus of the solitary tract as taste solutions were flowed over either the anterior two-thirds of the tongue or the rest of the oral cavity; taste-evoked responses differed between the 2 regions, with a greater overall sensitivity for the anterior tongue. Miller (1976) conducted a study in rats with methods similar to our experiment 1, except that amiloride and quinine were not used; in this work multiunit CT responses were compared between the anterior tip and posterior regions of the tongue. The results indicated a greater overall sensitivity of the anterior tip, which was proportionally about the same for responses to NaCl, HCl, and sucrose. In contrast, Ishiko (1974) found that the anterior tip of the cat tongue was less responsive than were more posterior areas, and the size of the regional differences varied between prototypical taste stimuli.
We found that the anterior and posterior portions of the mouse tongue, as we defined them, were similar in overall taste sensitivity. Raw response sizes to the reference stimulus did not differ between regions in any of our data sets, and similar results were obtained regardless of whether raw areas-under-the-curve or relative response sizes were used. Furthermore, regional variation in relative response sizes occurred for only a subset of the applied stimuli, and in experiment 1 we observed significantly smaller responses on the posterior tongue to NaCl and sucrose, but significantly larger responses to HCl or quinine, depending on the mouse strain. These results suggest that our regions varied in their profile of activity across taste stimuli, rather than in their overall sensitivity. This occurred despite the smaller size of the anterior fungiform area, presumably due to its high density of papillae.
The lack of regional variation in overall response level simplifies the interpretation of our results. Thus, even though we measured multiunit activity and expressed response sizes relative to those of a reference stimulus, these methods do not need to be factored into comparisons of response sizes to individual stimuli between regions. In addition, overall responsiveness is not relevant to the amount of change following a manipulation (e.g., percent suppression of NaCl responses by amiloride). There can be exceptions to this rule, such as floor effects when the initial response size is small, but we can rule this out for our data. It is true that responses to NaCl in water were smaller for the posterior regions than they were for the anterior fungiform. However, the response magnitude for 100 mM NaCl in water applied to posterior regions was nearly identical to that for 32 mM NaCl in water applied to the anterior fungiform region, and the effects of amiloride were significant for the latter.
Issues related to methodology
We developed novel techniques for applying solutions to restricted tongue regions using a constant rate of gravity-induced flow. There were challenges in developing these procedures, given that taste stimuli needed to be presented as liquids, which can seep through even small openings in physical barriers. Accordingly, we used o-rings that provided tight seals around the tongue to restrict flow. Initially, we were concerned that this approach might reduce circulation to the anterior tongue and kill off nerve fibers, or that other aspects of our handling of the tongue (e.g., the slight stretching to open the foliate trenches) might cause serious damage. However, we were still able to observe clear elevations above baseline activity after applying taste stimuli to each of our regions, including the tongue tip (Figures 4 and 6C) , which suggests that taste function was not impaired. The o-ring seal did tend to be especially tight for the posterior fungiform group in experiment 2, but in those animals a restriction of circulation would have been irrelevant, because we did not measure neural responses to taste stimuli applied to the tongue tip.
We wanted to include the foliate papillae in the posterior region for experiment 1, and this was accomplished easily by placing a delivery tube in the center of the mouth. In experiment 2, we sought to flow solutions over posterior fungiform papillae without them spreading as far back as the foliates. This procedure proved more difficult. During pilot work we found that simply directing a delivery tube at the middle of the tongue was not adequate to limit flow. Dye flowed over a small patch of tongue would spread posteriorly to the foliates, even against gravity, likely through the involvement of nongustatory filiform papillae. Reliably stopping this spread necessitated not only a rubber sleeve around the posterior tongue, but gel under the sleeve and 3 aspiration lines to remove solutions quickly after they contacted posterior fungiform papillae. Our observations suggest that stimulus delivery methods for prior CT recording experiments may have often resulted in solutions flowing over foliate papillae, even when a tongue chamber was used to focus flow on the anterior tongue. Thus, even though taste-evoked CT activity is sometimes assumed to represent the output of only fungiform papillae, one should not rule out the involvement of the foliates without evidence (e.g., dye staining) that solution flow was truly restricted to the anterior tongue.
It is standard practice for researchers to mention in publications which type of taste papilla (fungiform, foliate, or circumvallate) they use, but it is rare for them to report the locations of fungiform papillae. We conducted a literature survey and examined 67 articles in which rodent fungiform papillae were used for purposes such as immunohistochemistry, patch clamping, or descriptions of taste bud morphology. Of these papers, only 8 included any details about the locations of the papillae. Our results, though, indicate that important information is provided by the distance of a fungiform papilla from the tongue tip, at least in mice, and so this measure should be reported.
Summary
We found that taste responses in mice are not homogeneous across tongue regions, even when considering areas innervated by only the CT or containing only fungiform papillae. In particular, regional differences were found in sensitivity to basic taste qualities and sodium transduction mechanisms. Thus, it may sometimes be preferable to view the tongue's organization spatially, rather than solely by contrasting fungiform papillae with foliate and circumvallate papillae, and there may be value in producing detailed topographic maps of lingual taste sensitivity and mechanisms underlying taste transduction. Overall, we found similar results between 2 mouse strains, the B6 and A/J, but additional work will be needed to examine the extent to which our findings generalize across strains and species, as well as to compare anterior and posterior fungiform papillae on other properties (e.g., sensitivity to gurmarin or synergism when mixing umami stimuli). Such work could help to resolve whether the high sensitivity of the tongue tip to salty and sweet compounds is related to their high palatability, and whether there is variation between lingual regions in their contributions to acceptance versus rejection behaviors during ingestion.
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